Introduction {#Sec1}
============

The annual spread of seasonal influenza A virus (IAV), particularly the sporadic transmission of highly pathogenic avian influenza (HPAI) viruses (e.g., the H5N1 and H7N9 subtypes) continues to constitute a major threat to public health. As of December 2018, avian influenza A H7N9 viruses have caused an estimated 1567 individual infections, with an overall mortality rate of 39.2% (<http://www.fao.org/ag/againfo/programmes/en/empres/h7n9/situation_update.html>). Recently, the NA R292K and NS G540A substitutions in the H7N9 virus have been reported to be associated with increased resistance to oseltamivir and to confer enhanced viral replication in mammalian cells \[[@CR1], [@CR2]\]. This raises concerns about a potential human pandemic. IAV initiates infection in humans via entry through the upper respiratory tract, eliciting symptoms that can be mild and self-limited, but in some patients, it can lead to acute respiratory distress syndrome (ARDS), which is characterized by the impairment of gas exchange resulting in a fatal outcome \[[@CR3], [@CR4]\]. A series of reports have indicated that a robust and dysregulated innate immune response is primarily responsible for the high mortality rate associated with influenza \[[@CR5], [@CR6]\]. However, there are few alternative medicine strategies available for the treatment of influenza virus-infected patients who have an intense inflammatory response.

The innate immune system is armed with an array of pattern recognition receptors (PRRs) that provide the principal barrier defense against infectious agents \[[@CR7]\]. During the process of viral replication, influenza virus synthesizes viral RNA containing a 5′-triphosphate end and is then transported to the cytoplasm \[[@CR8]\]. This pathogen-associated molecule (PAM) is detected by the cytosolic sensor retinoic acid-induced gene I (RIG-I) and subsequently activates multiple cellular signal cascades \[[@CR9]\]. Ultimately, these signaling pathways lead to the activation of transcription factors including NF-κB, AP-1 (ATF2:c-jun), and IRF3, which together bind to specific sites of the IFN-β promoter and initiate IFN-β synthesis for the antiviral response \[[@CR10]\]. Targeting p38 MAP kinase with a specific inhibitor affects the induction of IFN-β \[[@CR11]\], which inhibits the downstream phosphorylation of ATF2 by p38 MAP kinase \[[@CR12]\]. Studies have demonstrated the crucial role of IFN production mediated by RIG-I signaling in protecting against lethal IAV challenge \[[@CR13], [@CR14]\]. In vivo studies have shown that the increased susceptibility of both RIG-I- and IFN-deficient mice to several RNA viruses \[[@CR15]--[@CR17]\], including vesicular stomatitis virus (VSV), Newcastle disease virus (NDV), and IAV, is associated with the failure of IFNs levels to increase or a lack of IFN signaling. There is evidence that infection with HPAI H5N1 viruses triggers the hyperinduction of proinflammation via RIG-I signaling cascades despite the crucial role of RIG-I signaling in defense against IAV \[[@CR18]\]. The induction of downstream genes of RIG-I signaling, such as IL-6, TNF-α, IL-8, and IL-1β, is significantly upregulated in the bronchoalveolar lavage fluid (BALF) of patients with sustained ARDS \[[@CR3], [@CR19], [@CR20]\].

Type I and type III IFNs secreted by infected cells bind to distinct receptors but trigger similar signal transduction through the JAK/STAT cascades \[[@CR21], [@CR22]\]. Upon IFN stimulation, the phosphorylation of the STAT1:STAT2 heterodimer leads to its interaction with IRF9 and the formation of the interferon-stimulated gene factor 3 (ISGF3) complex \[[@CR23]\]. Then, the complex moves from the cytoplasm to the nucleus where it binds to the interferon-stimulated response element (ISRE) and drives the expression of interferon-stimulated genes (ISGs). These genes possess direct antiviral and immunomodulatory activity \[[@CR24]\]. For example, the Mx protein, which was the first ISG identified to restrict influenza virus infection to be identified, has been demonstrated to impair vRNP nuclear import \[[@CR25]\]. However, despite the abundant production of IFNs and hundreds of ISGs in response to viral infection, the IFN-mediated antiviral response is blocked by various viral products. The non-structural (NS1) protein of IAV is a typical multifunctional protein involved in the blockade of the antiviral effect of ISGs, such as 2′,5′-oligoadenylate synthetase (OAS) and dsRNA-dependent protein kinase R (PKR) \[[@CR26], [@CR27]\]. In addition, IAV infection has also been shown to suppress the antiviral response mediated by type I and III IFNs by upregulating the negative regulators SOCS3 and SOCS1 \[[@CR28], [@CR29]\]. Given that viruses can overcome the IFN-mediated antiviral response through various mechanisms, it is possible that excessive IFN production during the antiviral response may contribute to the harmful effects. Surprisingly, studies have found that increased host susceptibility to secondary bacterial co-infections correlates with IFN induction during IAV infection \[[@CR30]\]. Moreover, a deficiency in IFN-α/β signaling increases survival through a reduction in excessive inflammation and apoptotic injury to lung epithelial cells \[[@CR31]\]. Similarly, high levels of TRAIL in BALF collected from patients with influenza-associated ARDS may be a result of increased TRAIL expression induced by macrophage-derived IFN-β \[[@CR32]\], which contributes to lung alveolar epithelial cell injury. In addition, recent evidence has also revealed that IFN-mediated signaling drives immunopathologic injury in response to various viral infections, including respiratory syncytial virus infection (RSV) \[[@CR33]\] and severe acute respiratory syndrome CoV (SARS-CoV) \[[@CR34]\]. Given these findings, it is clear that the disease-promoting effects of IFN contribute to deleterious outcomes, and should be limited by pharmacological intervention.

The identification of agents derived from medicinal plants that can prevent influenza is valuable. Chinese medicinal plants, including *Lonicera japonica* \[[@CR35]\], *Chrysanthemum morifolium* \[[@CR36]\], *Taraxacum mongolicum* \[[@CR37]\], *Forsythia suspense* \[[@CR38]\], and *Isatis indigotica* \[[@CR39]\] have been prescribed for the common cold, heat-clearing, and detoxication for thousands of years, but the bioactive ingredients of these plants that mediate these pharmacological effects is unknown. Phytosterols contain structural features that resemble those of cholesterol and are abundant in vegetables, fruits, and medicinal plants \[[@CR40], [@CR41]\]. Among phytosterols, β-sitosterol (24-ethyl-5-cholestene-3-ol) is the most common sterol and has been shown to possess antioxidant, anti-inflammatory, antitumor, and antiasthmatic effects \[[@CR42]--[@CR45]\]. In the present study, we hypothesized that β-sitosterol is the bioactive component of five types of medicinal plants. To test this hypothesis, we investigated the effects of β-sitosterol and the underlying mechanisms by which it may exert a therapeutic effect against influenza-mediated injury and dysregulated inflammation.

Materials and methods {#Sec2}
=====================

Preparation of extracts and quantitative analysis of β-sitosterol {#Sec3}
-----------------------------------------------------------------

Samples of four kinds of different heat-clearing and detoxifying traditional Chinese medicines samples (*L. japonica*, *C. morifolium*, *T. mongolicum*, and *F. suspense*) were purchased from local markets in Bozhou, China. *I. indigotica* was supplied by Hutchison Whampoa Guangzhou Baiyunshan Chinese Medicine Co., Ltd (Guangzhou, China). A β-sitosterol standard was purchased from Sigma (San Francisco, USA), and HPLC-grade methanol was purchased from Fisher Scientific (Fisher, USA).

A sample of each of the five medicinal materials was crushed into a coarse powder, and 2.0 g was placed in a 100-mL flask. Extraction was performed using ultrasonic waves for 15 min and the addition of 50 mL of chloroform and was repeated three times. The samples were then centrifuged at 2500 × *g* for 10 min. The supernatants were combined and condensed to a proper volume under reduced pressure, and then the concentrates were dissolved with chloroform. The samples were transferred to 5-mL volumetric flasks, diluted with chloroform to 5 mL, and mixed.

A total of 2.0 mg of the β-sitosterol standard was accurately weighed and dissolved in 5 mL of chloroform to produce individual stock solutions. HPLC analysis of β-sitosterol was performed at 28 °C on an HPLC instrument (Shimadzu 20A, Japan) with a DAD detector at 205 nm. Chromatographic separation was performed on a Shimadzu ODS column (4.6 × 150 mm, 5 μm, Tokyo, Japan). The mobile phase was methanol, and the injection volume was 10 μL. The samples were subjected to quantitative analysis, which was performed using the external standard method. The results are expressed as mg/g, and all analyses were performed in triplicate.

Virus {#Sec4}
-----

Influenza A/Puerto Rico/8/34 (H1N1) and A/FM/1/47(H1N1) mouse-adapted viruses were stored in our laboratory and propagated in the allantoic cavities of 9-day-old specific pathogen-free embryonated chicken eggs at 37 °C. Freshly collected allantoic fluids were clarified by low-speed centrifugation at 72 h postinoculation and then stored in small aliquots at −80 °C. The virus titers were determined using a plaque forming assay in monolayers of Madin-Darby canine kidney (MDCK) cells as previously described.

Mouse experiments and viral challenge {#Sec5}
-------------------------------------

Four- to six-week-old female BALB/c mice (weighing 16--18 g) were purchased from Guangdong Medical Laboratory Animal Center. All mice were housed and cared for under specific pathogen-free conditions at the State Key Laboratory of Respiratory Disease or Guangdong Laboratory Animal Monitoring Institute. All animal experimental procedures in this study were approved by the Ethics Committee of the First Affiliated Hospital of Guangzhou Medical University and conducted in strict accordance with the approved guidelines. The 50% lethal dose (LD~50~) of the mouse-adapted H1N1 virus was estimated in mice after the stock virus was serially diluted. The mice were treated intragastrically with β-sitosterol (50 mg·kg^−1^·d^−1^, 200 mg·kg^−1^·d^−1^) or PBS (vehicle group) 2 days prior to viral challenge. The mice were anesthetized (5% isoflurane inhalation) and challenged intranasally with 5 LD~50~ of mouse-adapted H1N1 virus.

Cell culture and viral infection {#Sec6}
--------------------------------

Human alveolar epithelial A549 cells and 293T human embryonic kidney cells were grown in Dulbecco's modified Eagleʼs medium (DMEM/F12, 1:1 mixture) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) in a humidified incubator at 37 °C and 5% CO~2~.

For the viral infection, A549 cells (5 × 10^6^ cells/mL) grown in 6-well tissue culture plates (Guangzhou Jet Bio-Filtration Co., Ltd, TCP-010-006) were inoculated with A/PR/8/34 (H1N1) in serum-free DMEM/F12 medium at an indicated multiplicity of infection (MOI). After 2 h absorption, the inoculum was discarded and replaced with fresh serum-free DMEM/F12 medium containing diluted compounds.

Antibodies and recombinant protein {#Sec7}
----------------------------------

The following primary antibodies were used in the current study: anti-RIG-I, anti-NF-κB p65, anti-phospho-NF-κB p65 (Ser^536^), anti-p38 MAPK, anti-phospho-p38 MAPK (Thr^180^/Tyr^182^), anti-STAT1, anti-phospho-STAT1 (Tyr^701^), anti-STAT2, anti-phospho-STAT2 (Tyr^690^), anti-JAK1, anti-phospho-JAK1(Tyr^1034/1035^), anti-phospho-p44/p42 MAPK (ERK1/2) (Thr^202^/Tyr^204^), anti-p44/p42 MAPK (ERK1/2), anti-phospho-SAPK/JNK MAPK (Thr^183^/Tyr^185^), anti-SAPK/JNK MAPK, anti-COX2, and anti-GAPDH (Cell Signaling Technology). Anti-PARP and anti-caspase3 (active form) antibodies were purchased from Gentex. Recombinant human TNF-α, IFN-β, and IFN-λ1 (IL-29) were purchased from Peprotech.

Protein preparation and immunoblot analysis {#Sec8}
-------------------------------------------

Excised lungs and cells were lysed using ice-cold RIPA buffer (25 mM Tris·HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) supplemented with protease inhibitors (Sigma). The crude lysates were centrifuged at 14,000 rpm (13,000 × *g*) for 15 min at 4 °C, and the supernatant was collected. Equal amounts of cell or tissue extracts were loaded onto 10% SDS-polyacrylamide gels for separation. Then, proteins were transferred to 0.2 μm PVDF membranes (Bio-Rad), which allowed subsequent probing with primary antibodies. After overnight incubation at 4 °C, the membranes were washed with 0.1% TBST (TBS/0.1% Tween 20) and incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies (Multisciences). The signals were visualized using enhanced chemiluminescence (ECL) reagents (Perkin-Elmer). Quantification of the relative band intensities was performed using ImageJ software version 1.43.

pppRNA generation, RNA isolation, and real-time RT-PCR {#Sec9}
------------------------------------------------------

Viral RNA (5′-triphosphate RNA, 5′ppp-RNA) and cellular RNA were generated as previously described \[[@CR46]\]. Briefly, total RNA was isolated from A549 lung epithelial cells infected with A/PR/8/34(H1N1) for 24 h (viral RNA) and uninfected A549 lung epithelial cells (cellular RNA) using TRIzol reagent (Takara, USA). Then, the 5'-phosphate group was dephosphorylated by treatment with calf-intestinal alkaline phosphatase (CIAP) (Takara). A549 lung epithelial cells were transfected with the indicated RNA using LP2000 (Thermo, USA).

For qPCR, total RNA (1 μg) was reverse transcribed into cDNA and subjected to real-time quantitative PCR with gene-specific primers and probes on an ABI7500 real-time PCR system. Relative gene expression was calculated using the 2^−ΔΔct^ method \[[@CR47]\]. The specific primer and probe sets are shown in Supplementary Table [S1](#MOESM2){ref-type="media"}.

Small interfering RNA (siRNA), plasmid transfection, and reporter gene assays {#Sec10}
-----------------------------------------------------------------------------

Transient transfection of plasmids into cells, including an ISRE luciferase reporter plasmid (Beyotime) and a Flag-RIG-I overexpression plasmid (Geneppl), was performed by using Lipofectamine 2000 (Invitrogen). After ISRE luciferase reporter plasmid (0.5 μg) and Flag-RIG-I (0.5 μg) overexpression plasmid were transfected into A549 cells for 6 h, the transfected cells were stimulated with IFNs or IAV (MOI = 0.1). In the other experiment, HEK293 cells stably co-transfected with pNF-κB-TATA-F-LUCI and pQCXIP-eGFP plasmid were stimulated with TNF-α (20 ng/mL) or IAV for the indicated times. Firefly luciferase activity was assayed using the luciferase reporter system (Promega, USA) and normalized to renilla luciferase activity or the levels of GFP expression.

RIG-I-specific siRNAs (RIG-I \#1 siRNA and, RIG-I \#2 siRNA) were purchased from Guangzhou RiboBio Co., Ltd. and transfected into cells with Lipofectamine 2000 according to the manufacturer's instructions.

Histology and immunohistology {#Sec11}
-----------------------------

Lung tissue was excised, fixed in 10% formalin and embedded in paraffin using routine procedures. Tissue sections (4 μm) were stained with hematoxylin-eosin for histological examination. For immunohistochemical staining, the sections were deparaffinized with xylene and rehydrated in a graded alcohol series. Endogenous peroxidase was blocked with 3% hydrogen peroxide (H~2~O~2~) in methanol for 20 min at room temperature and antigen retrieval was performed in 0.01 mM citrate buffer (pH 6.0). Afterward, the sections were blocked with 5% normal serum and incubated with primary antibody at 4 °C overnight. The sections were then incubated for 1 h in HRP-labeled secondary antibody solution and then visualized using a DAB reagent kit (Maixin, China). The sections were counterstained with Mayer's hematoxylin for 2 min before mounting.

Apoptosis detection by annexin V and flow cytometry {#Sec12}
---------------------------------------------------

Cells collected from both suspension and adherent were washed twice with cold PBS, and subsequently resuspended in 1× annexin binding buffer (Bioscience, USA) at a concentration of 2 × 10^6^ cells/mL. One hundred microliters of cell suspension was stained with 5 μL of Annexin V-FITC and 5 μL of propidium iodide (PI) for 15 min at room temperature in the dark. The cells were analyzed using a NovoCyte flow cytometer within 4 h.

Bronchoalveolar lavage and flow cytometry {#Sec13}
-----------------------------------------

Mice were euthanized intraperitoneally (i.p.) with an overdose of sodium pentobarbital at the indicated time point. The trachea was cannulated via ventral middle incision. The lungs were lavaged three times with 600 μL of sterile saline. Bronchoalveolar lavage fluid (BALF) was centrifuged at 300 × *g* for 10 min at 4 °C and the supernatants were collected and stored at −80 °C for biochemical analysis. The BALF pellets were resuspended in PBS with 0.5% BSA and stained with fluorochrome-conjugated monoclonal antibodies (mAbs) (Bioscience, USA) that bound to surface molecules for 20 min at 4 °C. All samples were analyzed on a NovoCyte flow cytometer.

Statistical analysis {#Sec14}
--------------------

All data are presented as the mean ± SEM. Statistical analysis was performed using SPSS software version 18.0. One-way ANOVA followed by the Student--Newman--Keuls (SNK) test was carried out to assess differences between the study groups, and *P* values less than 0.05 were considered significant.

Results {#Sec15}
=======

Quantitative analysis of β-sitosterol in five medicinal materials {#Sec16}
-----------------------------------------------------------------

Medicinal plants including *L. japonica*, *C. morifolium*, *T. mongolicum*, *F. suspense*, and *I. indigotica* are traditionally used for heat-clearing and detoxification. We hypothesized that β-sitosterol is the common substance in these medicinal plants that mediates their pharmacological actions against respiratory diseases, such as influenza. First, we quantified the content of β-sitosterol in these plants. As shown in Table [1](#Tab1){ref-type="table"}, β-sitosterol was detected in all samples at concentrations ranging from 0.51 to 2.23 mg/g.Table 1Contents of β-sitosterol in five kinds of medical materials (*n* = 3).Samplesβ-sitosterol content (mg/g)*L. japonica*0.51 (0.051%)*C. morifolium*1.34 (0.134%)*T. mongolicum*2.23 (0.223%)*F. suspense*1.92 (0.192%)*I. indigotica*1.54 (0.154%)

β-Sitosterol treatment inhibits the activation of the cellular signaling pathway in IAV-infected cells {#Sec17}
------------------------------------------------------------------------------------------------------

To clarify whether β-sitosterol possesses antiviral activity for the treatment of IAV infection, cytopathic effect (CPE) inhibition assays and plaque reduction assays were performed to investigate the antiviral effects of β-sitosterol. As shown in Supplementary Table [S2](#MOESM3){ref-type="media"}, β-sitosterol showed no activity against A/GZ/GIRD07/09(H1N1), A/PR/8/34(H1N1), A/HK/8/68(H3N2), A/HK/Y280/97(H9N2), or B/Lee/1940 (FluB). These findings were further confirmed by plaque reduction assays (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). The activation of multiple cellular signaling events has been implicated in the molecular pathogenesis of IAV infection \[[@CR48]\]. To identify the pharmacological effects exerted by β-sitosterol during IAV infection, we assessed the impact of β-sitosterol on the activation of cellular signaling pathway in cells infected with IAV. HEK293 cells in which an NF-κB-luc reporter was stably expressed were stimulated with either TNF-α (20 ng/mL) (Fig. [1a](#Fig1){ref-type="fig"}) or A/PR/8/34 (H1N1) (Fig. [1b](#Fig1){ref-type="fig"}), and then incubated with β-sitosterol for 24 h. We observed that HEK293 cells stimulated with TNF-α or A/PR/8/34 (H1N1) exhibited robust NF-κB activation, on which β-sitosterol treatment had a dose-dependent suppressive effect (Fig. [1a, b](#Fig1){ref-type="fig"}). Furthermore, to test whether β-sitosterol possesses other pharmacological properties, we assessed the activation of signaling pathways in IAV-infected A549 cells in the presence or absence of β-sitosterol by immunoblotting. NF-κB and MAPK (P38, ERK1/2, and JNK/SPAK) signaling was activated by IAV infection (Fig. [1c](#Fig1){ref-type="fig"}). As expected, β-sitosterol inhibited the IAV-induced p38 MAPK activation and p65 phosphorylation, which is consistent with the data gathered using the NF-κB-luc reporter cell line. However, β-sitosterol had no inhibitory effect on the ERK1/2 or JNK MAPK pathway. Together, these data demonstrate that β-sitosterol has the potential to inhibit the activation of NF-κB and p38 MAPK signaling in response to IAV infection.Fig. 1Effect of β-sitosterol on NF-κB and MAPK signaling in IAV-infected cells.**a**, **b** HEK293 cells (a stable NF-κB luciferase reporter cell line) were stimulated with TNF-α (20 ng/mL) (**a**) and influenza A/PR/8/34 (H1N1) virus (MOI = 0.1) (**b**) in the presence or absence of the indicated concentrations of β-sitosterol for 24 h. The cells were lysed and then assayed for luciferase activity. **c** Human lung epithelial cells (A549) were inoculated with influenza A/PR/8/34 (H1N1) virus (MOI = 0.1). After 2 h, the inoculum was removed and replaced with fresh FCS-free media in the presence or absence of the indicated concentrations of β-sitosterol for an additional 24 h. Then, the total cell extracts were subjected to immunoblotting with antibodies as indicated. The blots were reprobed with an antibody against GAPDH as the internal control. Representative results from at least three independent experiments are shown. **d** The band intensities of P-p65, P-p38, P-ERK1/2, and P-JNK were semiquantified using imageJ (normalized to the loading control GAPDH). The data are presented as the mean ± SEM (*n* = 3--5). \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the group treated with TNF-α or IAV.

β-Sitosterol treatment decreases the expression of IAV-induced proinflammatory mediators {#Sec18}
----------------------------------------------------------------------------------------

Both the NF-κB and p38 MAPK signaling cascades have been implicated as major contributors to hypercytokinemia during human HPAIV H5N1 infection \[[@CR49], [@CR50]\]. Therefore, we next investigated the effect of β-sitosterol on the expression of proinflammatory mediators in IAV-infected cells. A549 cells were infected with the PR8/H1N1 virus (MOI = 0.1) in the presence of increasing concentrations of β-sitosterol (150--450 μg/mL) for 24 h. Subsequently, the transcript levels of proinflammatory mediators were measured by qPCR. Our data showed that the gene expression of an array of cytokines and chemokines, including IL-6, TNF-α, IP-10, IL-8, MCP-1, MIP-1β, and Rantes, was elevated dramatically following IAV infection, and that this elevation was attenuated by β-sitosterol treatment (Fig. [2a](#Fig2){ref-type="fig"}). The kinetics of IAV-induced proinflammatory mediator release showed that the protein levels of these proinflammatory mediators (including IL-6, TNF-α, IL-8, IP-10, Rantes, and MCP-1) reached their expression peak at 24 h after viral infection (Fig. [2b](#Fig2){ref-type="fig"}), and that the increases in the levels of these mediators were reversed by β-sitosterol treatment (Fig. [2c](#Fig2){ref-type="fig"}). The production of cyclooxygenase-2 (COX-2) and its derivative prostaglandin E2 (PGE2), has been shown to occur via NF-κB and p38 MAPK signaling and play a pathogenic role during IAV infection \[[@CR51], [@CR52]\]. Indeed, increasing the expression of IAV-induced COX-2 at both the mRNA and protein levels at 24 h p.i., while treatment with β-sitosterol profoundly reduced COX-2 production (Fig. [2d, e](#Fig2){ref-type="fig"}). Furthermore, we measured the effect of β-sitosterol on the IAV-induced expression of IAV-induced COX-2 and carried out ELISA to quantify COX-2-derived PGE2 in the culture supernatants. As expected, β-sitosterol treatment of IAV-infected cells led to a significant dose-dependent reduction in PGE2 levels (Fig. [2f](#Fig2){ref-type="fig"}). These results indicate that β-sitosterol treatment decreases the expression of IAV-induced proinflammatory mediators through the inactivation of the NF-κB and p38 MAPK signaling pathways.Fig. 2Effect of β-sitosterol on the IAV-induced expression of proinflammatory mediators.After allowing 2 h for IAV absorption, IAV-infected A549 cells were treated with or without the indicated concentrations of β-sitosterol for 24 h. **a** The gene expression levels of proinflammatory cytokines and chemokines in IAV-infected A549 cells treated with or without β-sitosterol were determined using quantitative real-time PCR at 24 h p.i. **b** The kinetics of proinflammatory mediators in the culture supernatants of IAV-infected cells for 2, 4, 8, 16, and 24 h were detected by a multiplex Luminex assay. **c** The effect of β-sitosterol on the secretion of proinflammatory cytokines and chemokines in the supernatant of IAV-infected A549 cells. At 24 h p.i., cell culture supernatants were collected for use in a multiplex Luminex assay. **d**, **e** Effect of β-sitosterol on the expression of cyclooxygenase-2 (COX-2) in IAV-infected A549 cells. The gene expression levels of COX-2 were assayed by real-time PCR (**d**). Immunoblot analysis was performed to evaluate the protein expression of COX-2. GAPDH was used as the internal control (**e**). **f** Quantification of PGE2 in the culture supernatants using ELISA. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the IAV control group.

β-Sitosterol treatment suppresses the IAV-mediated induction of interferon expression and signal transduction by targeting RIG-I {#Sec19}
--------------------------------------------------------------------------------------------------------------------------------

In response to IAV infection, transcription factors including NF-κB, ATF2/c-jun, and IRF3/7 bind cooperatively to the promoter regions of IFN genes, which are secreted to establish an antiviral state, to initiate their expression \[[@CR10]\]. The activation of p38, which mediates the activation of its downstream target ATF2, is a prerequisite for optimal IFN-β induction \[[@CR12]\]. Since β-sitosterol inhibits the IAV-induced activation of p38, we hypothesized that β-sitosterol treatment might reduce the expression of IFNs. To test this hypothesis, culture supernatants from IAV-infected A549 cells treated with or without β-sitosterol were collected at 24 h p.i. and transferred to uninfected A549 cells. After 15 min of incubation, we assessed IFN levels in the culture supernatant by monitoring the phosphorylation and downstream signaling of IFNs by immunoblot analysis. As shown in Fig. [3a](#Fig3){ref-type="fig"}, supernatants from infected A549 cells stimulated the phosphorylation of STAT1^Tyr701^ and STAT2^Tyr690^, while supernatants from donor cells treated with β-sitosterol attenuated the phosphorylation of STAT1^Tyr701^. Our results indicated that the suppression of STAT1^Tyr701^ phosphorylation by β-sitosterol was associated with reduced IFNs production. To further confirm that β-sitosterol inhibits the IAV-induced expression of IFNs, IFN concentrations in supernatants collected at 24 h p.i. were measured using Luminex. As demonstrated in Fig. [3b](#Fig3){ref-type="fig"}, the IAV-induced elevation of IFNs, including type I IFN (IFN-β), type II IFN (IFN-γ), and type III IFN (IFN-λ1), was significantly decreased in the supernatants of β-sitosterol-treated cells.Fig. 3Effect of β-sitosterol treatment on IAV-induced IFN production and IFN signal transduction.**a** After 24 h, IAV-infected cells with or without the indicated concentration of β-sitosterol treatment were harvested, and the supernatants were transferred to uninfected cells. After 15 min of incubation, the cells were lysed, and the expression of phosphorylated STAT1 and STAT2 was analyzed by immunoblotting. Equal loading of protein was verified by immunoblotting for GAPDH. **b** IFNs (IFN-β, IFN-γ, and IFN-λ1) secretion into the culture media was measured at 24 h p.i. using a multiplex Luminex assay. **c**, **d** After allowing 2 h for IAV absorption, A549 cells were incubated with the indicated concentration of β-sitosterol for 4 h (**c**) or 8 h (**d**). Then, the cells were stimulated for an additional 15 min with human IFN-β (20 ng/mL). The cells were lysed, and total extracts were processed for immunoblotting. **e**, **f** Effect of β-sitosterol on the expression of RIG-I. RIG-I mRNA expression levels were assayed by quantitative real-time PCR (**e**). RIG-I protein levels were assessed by Western blotting (**f**). **g** A549 cells were transfected with a Flag-RIG-I overexpression plasmid, and then treated with β-sitosterol. After 24 h, the cell lysates were collected for immunoblotting. **h** A549 cells were pretreated with β-sitosterol for 12 h, stimulated with IFN-β (20 ng/mL) for 15 min, and immunoblotted for the indicated proteins. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the IAV control group.

These observations led us to ask whether β-sitosterol directly affects the IFN signaling transduction pathway. To address this question, we tested whether signal transduction induced by exogenous IFN-β is altered by β-sitosterol treatment. Then, we pretreated IAV-infected A549 cells with β-sitosterol for 4 h before stimulating them with IFN-β for 15 min. The phosphorylation of STAT1^Tyr701^, but not STAT2, was markedly inhibited by β-sitosterol treatment (Fig. [3c](#Fig3){ref-type="fig"}). However, at later time points (8 h p.i.), the IFN-β-mediated phosphorylation of STAT1^Tyr701^ was reduced in IAV-infected A549 cells regardless of whether they were pretreated with β-sitosterol or not (Fig. [3d](#Fig3){ref-type="fig"}).

Our data demonstrated that β-sitosterol reduced IFN production through the inhibition of NF-κB and p38 MAP kinase and that it blocks IFN-mediated signal transduction. We next sought to elucidate the mechanism by which β-sitosterol disrupts IFN production and signaling. The intracellular PRR RIG-I senses IAV 5′ppp-RNA, resulting in the activation of NF-κB and p38 MAP kinase which preferentially promote the initiation of IFN transcription \[[@CR53]\]. It is worth mentioning that RIG-I, an interferon-stimulated gene (ISG), has been reported to augment STAT1 activation and inhibit leukemia cell proliferation \[[@CR54]\]. Thus, it is reasonable to speculate that cross-talk between the RIG-I and IFN signaling pathways is affected by β-sitosterol. To confirm this assumption, we investigated the effect of β-sitosterol on the IAV-induced expression of RIG-I. Our results show that β-sitosterol decreased the induction of RIG-I in infected A549 cells (Fig. [3e, f](#Fig3){ref-type="fig"}). Furthermore, cells transfected with the Flag-RIG-I overexpression plasmid transfection were found to have elevated p-STAT1 levels, which were diminished by β-sitosterol treatment (Fig. [3g](#Fig3){ref-type="fig"}). The tyrosine kinases JAKs are well recognized to be involved in the activation of STAT1. Therefore, it is possible that β-sitosterol affected STAT1 activation by inhibiting JAKs. Interestingly, we found that A549 cells pretreated with β-sitosterol for 12 h prior to IFN-β (20 ng/mL) stimulation did not exhibit decreased IFN-β-mediated activation of JAK1, STAT1, and STAT2 levels (Fig. [3h](#Fig3){ref-type="fig"}). Together, these data indicate that β-sitosterol can exert an inhibitory effect on RIG-I, which leads to decreased IAV-induced IFN production and IFN-β signal transduction.

β-Sitosterol treatment attenuates the IFN-mediated amplification of the proinflammatory response during IAV infection via the inhibition of RIG-I {#Sec20}
-------------------------------------------------------------------------------------------------------------------------------------------------

It is widely recognized that IFN signaling plays a vital role in host antiviral immunity \[[@CR55]\]. Furthermore, IFNs possess immunomodulatory activities on the induction of both chemokines and cytokines and on the recruitment of various immune cells \[[@CR56]\]. To examine the effect of RIG-I inhibition by β-sitosterol on the transcription of IFN signaling-related molecules, we analyzed IAV-mediated IFN-stimulated response element (ISRE) activation with an assay that utilized a transient ISRE reporter plasmid. The results presented in Fig. [4a](#Fig4){ref-type="fig"} show that IAV-mediated ISRE-dependent transcription was significantly inhibited by β-sitosterol treatment. RIG-I knockdown in IAV-infected cells by specific siRNAs in IAV-infected cells was confirmed to significantly inhibit the IAV-mediated ISRE transcriptional activity (Fig. [4b, c](#Fig4){ref-type="fig"}). To further determine the effects of β-sitosterol on IFN-induced proinflammatory responses during IAV infection, ISRE reporter plasmid-transfected cells were stimulated with IFN-β (500 ng/mL) 4 h prior to IAV infection. Prestimulation with IFN-β led to much higher ISRE activity than IAV infection alone (Fig. [4d](#Fig4){ref-type="fig"}). Similarly, IFN-β stimulation following IAV infection also resulted in increased ISRE activity, but to a lesser extent than what was seen after IFN-β prestimulation (Fig. [4d](#Fig4){ref-type="fig"}). This indicates that IFN-β signaling contributes to the amplification of ISRE activity during IAV infection. Nevertheless, this increase in ISRE activity was diminished in a dose-dependent manner by β-sitosterol treatment (Fig. [4d](#Fig4){ref-type="fig"}). We next assessed the effects of β-sitosterol on the expression of proinflammatory genes in IAV-infected cells pretreated with or without IFN-β. Consistent with the previously observed increase in ISRE activity, the mRNA and protein levels of cytokines and chemokines, including IL-6, IP-10, TNF-α, IL-8, MCP-1 and GM-CSF, were robustly increased in IAV-infected cells after stimulation with IFN-β (Fig. [4e, f](#Fig4){ref-type="fig"}). A similar cytokine and chemokine expression pattern was observed in response to stimulation with IFN-λ1 (data not shown), which signals through the JAK/STAT pathway leading to ISRE activation. As expected, the elevation in cytokine and chemokine levels induced by IFN stimulation was decreased by β-sitosterol treatment (Fig. [4e, f](#Fig4){ref-type="fig"}). To understand whether the attenuation of the amplified proinflammatory response in IFN-β pretreated cells was solely due to a reduction in IFN-β levels, cells with IFN-β prestimulated for 4 h were treated with an IFN-β neutralizing antibody (2.5 μg/mL) prior to virus infection. However, we observed that the amplification effects of proinflammatory mediators (IL-6 and IP-10) in cells prestimulated with IFN-β were not abrogated by IFN-β neutralizing antibody treatment (Fig. [4g](#Fig4){ref-type="fig"}). This indicates that cells prestimulated with IFN-β become sensitized and thereby amplify proinflammatory responses.Fig. 4Effect of β-sitosterol on the IFN-β-mediated amplification of IAV-induced proinflammatory mediators.**a** The effect of β-sitosterol on ISRE luciferase reporter activity in IAV-infected cells. A549 cells were co-transfected with 0.5 μg of pISRE-TA-luc reporter plasmid and 0.05 μg of pRL-TK plasmid as described in the Materials and Methods. At 6 h posttransfection, the cells were infected with IAV and treated with β-sitosterol. After 24 h, the cells were lysed, and luciferase activity was measured. ^\#\#^*P* \< 0.01 versus the control group. \**P* \< 0.05, \*\**P* \< 0.01 versus the IAV control group. **b** RIG-I knockdown by specific siRNAs in IAV-infected cells was confirmed by immunoblotting. **c** The effect of RIG-I knockdown by specific siRNAs on ISRE luciferase reporter activity in IAV-infected cells. ^\#\#\#^*P* \< 0.001 versus the control group. \*\*\**P* \< 0.001 versus the IAV control group. **d** The effect of β-sitosterol on ISRE luciferase reporter activity induced by stimulation with a combination of IFN-β and IAV. After 6 h of transfection, A549 cells were pretreated with IFN-β (500 ng/mL) (columns 4--7) for 4 h or infected with IAV prior to IFNβ stimulation (columns 8--11) for 4 h. IFN-β-pretreated cells were infected with IAV in the presence or absence of β-sitosterol (150--450 μg/mL). IAV-infected cells were stimulated with IFN-β (500 ng/mL) in the presence or absence of β-sitosterol (150--450 μg/mL). The cells were harvested and subjected to a luciferase assay at 24 h p.i. ^\#^*P* \< 0.05 versus the IAV control group (column 3). \**P* \< 0.05 versus the IFN-β-pretreated group (column 4). ^§^*P* \< 0.05 versus the group infected with IAV before being stimulated with IFN-β (500 ng/mL) stimulation group (column 8). **e** The effect of β-sitosterol on the IFN-β-mediated amplification of IAV-induced proinflammatory cytokines and chemokines at the mRNA levels was determined by real-time PCR. ^\#\#\#^*P* \< 0.001 versus the IAV control group (column 2). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus IFN-β-pretreated group (column 3). ^§^*P* \< 0.05, ^§§^*P* \< 0.01 versus the group infected with IAV before being stimulated with IFN-β (500 ng/mL) (column 7). **f** The effect of β-sitosterol on the IFN-β-mediated amplification of IAV-induced proinflammatory cytokines and chemokines at the protein level was determined by a multiplex Luminex assay. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 versus the IAV control group (column 3). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus IFN-β-pretreated group (column 4). ^§^*P* \< 0.05, ^§§^*P* \< 0.01, ^§§§^*P* \< 0.001 versus the group infected with IAV before being stimulated with IFN-β (500 ng/mL) (column 8). **g** The effect of IFN-β neutralization on the IFN-β-mediated amplification of the IAV-induced proinflammatory response. A549 cells prestimulated with IFN-β (500 ng/mL) for 4 h were treated with an IFN-β neutralizing antibody (2.5 μg/mL) prior to infection with IAV. After 24 h, the culture supernatants were collected to measure proinflammatory mediator levels by a multiplex Luminex assay. \*\*\**P* \< 0.001 versus IAV control group. NS, not significant. **h** The effect of β-sitosterol on the IFN-β-mediated activation of STAT1. Lanes 1--3: A549 cells were treated with either IFN-β (500 ng/mL) or with IAV for 24 h. Lanes 4--7: A549 cells were pretreated with IFN-β (500 ng/mL) for 4 h prior to IAV infection. Lanes 8--11: A549 cells were infected with IAV for 4 h and then stimulated with 500 ng/mL IFN-β. After the indicated treatments, the cells were incubated with or without β-sitosterol for 24 h. The cell lysates were analyzed by immunoblotting for the expression of phospho-STAT1 and phospho-STAT2. **i**, **j** The effect of β-sitosterol on the expression of RIG-I. A549 cells were pretreated with IFN-β (500 ng/mL) for 4 h and infected with IAV in the presence or absence of β-sitosterol (150--450 μg/mL) (columns 3--6, lanes 4--7). Meanwhile, A549 cells were infected with IAV for 4 h prior to IFN-β (500 ng/mL) stimulation (columns 7--10, lanes 8--11). **i** The expression of RIG-I was determined by quantitative real-time PCR. ^\#\#^*P* \< 0.01 versus the IAV control group (column 2). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus IFN-β-pretreated group (column 3). **j** The expression of RIG-I was determined by immunoblotting at 24 h p.i. The band intensities of RIG-I were semiquantified using imageJ (normalized to the loading control GAPDH). \**P* \< 0.05 versus IFN-β-pretreated group (column 4). ^§^*P* \< 0.05 versus the group infected with IAV before being stimulated with IFN-β (500 ng/mL) (column 8).

To understand whether the observed inhibitory effect of β-sitosterol was due to STAT1 inhibition, we measured the phosphorylation of STAT1^Tyr701^ in A549 cells stimulated with IFN-β (500 ng/mL). STAT1 was significantly activated in cells pretreated with IFN-β (lane 4), but not in cells infected with IAV prior to IFN-β stimulation (lane 8). Treatment with β-sitosterol abrogated STAT1 activation in a dose-dependent manner (lanes 5--7) (Fig. [4h](#Fig4){ref-type="fig"}), indicating that the inhibitory effect of β-sitosterol on STAT1 reduced the IFN-mediated amplification of cytokine and chemokine expression. Notably, pretreatment with IFN-β significantly increased the IAV-triggered expression of RIG-I in A549 cells, which was inhibited by β-sitosterol treatment (Fig. [4i, j](#Fig4){ref-type="fig"}). Together, these data demonstrate that β-sitosterol blocks the IAV-induced amplification of the proinflammatory response in IFN-β-activated A549 cells, which is due to inhibition of RIG-I levels by β-sitosterol, leading to the inactivation of STAT1, and thereby diminishes the transcriptional activity of interferon-stimulated gene factor 3 (ISGF3).

β-Sitosterol treatment suppresses RIG-I-induced apoptosis and inflammation {#Sec21}
--------------------------------------------------------------------------

In addition to playing a role in IFN induction, RIG-I signaling has been demonstrated to be involved in apoptosis \[[@CR57]\], which is implicated in IAV-induced lung epithelial cell damage and injury. Therefore, we investigated whether β-sitosterol affects RIG-I-mediated apoptosis using intracellular viral RNA (vRNA, 5′ppp-RNA) stimulation. Stimulation with cellular RNA (cRNA) or vRNA and treatment with calfintestine alkaline phosphatase (CIAP) to dephosphorylate 5′-triphosphate did not induce apoptosis, excluding the possibility that cRNA or the non-phosphate at the 5′ end of RNA has a pro-apoptotic effect (Fig. [5a](#Fig5){ref-type="fig"}). Strikingly, the apoptosis of vRNA-transfected cells was reduced by β-sitosterol treatment (Fig. [5a](#Fig5){ref-type="fig"}). We confirmed the anti-apoptotic effect of β-sitosterol by measuring the active caspase-3 and its substrate PARP, observing that these products were found in cells transfected with vRNA but not in those treated with β-sitosterol (Fig. [5b](#Fig5){ref-type="fig"}). To determine whether the inhibitory effect of β-sitosterol on RIG-I-mediated apoptosis is related to alterations in the expression of pro-apoptotic factors, we quantified TRAIL and sFas ligand levels in the supernatants of viral RNA-transfected cells. TRAIL and sFas ligand levels were significantly reduced by β-sitosterol treatment (Fig. [5c](#Fig5){ref-type="fig"}). Next, we determined the effect of β-sitosterol on the apoptosis of IAV-infected cell. β-Sitosterol treatment reduced IAV-mediated apoptosis and active caspase-3 and PARP (Fig. [5d, e](#Fig5){ref-type="fig"}). Last, we observed that β-sitosterol treatment blocked the increase in the release of TRAIL and sFas ligand in IAV-infected cells (Fig. [5f](#Fig5){ref-type="fig"}). Furthermore, RIG-I knockdown by specific siRNAs was demonstrated to significantly decrease IAV-mediated apoptosis and the release of TRAIL (Fig. [5g, h](#Fig5){ref-type="fig"}). However, the combination of RIG-I siRNAs and β-sitosterol did not have an additive effect on the inhibition of IAV-mediated apoptosis and TRAIL release, which indicated that β-sitosterol decreased IAV-mediated apoptosis via the inhibition of RIG-I. Given that vRNA (5′ppp-RNA) recognition is associated with the rapid induction of IFNs, we wondered whether β-sitosterol treatment affects IFN induction in the context of vRNA transfection. As shown in Fig. [5i](#Fig5){ref-type="fig"}, the upregulated expression of both type I IFN (IFN-β) and type III IFN (IFN-λ1) in response to vRNA was reversed by β-sitosterol treatment in a dose-dependent manner.Fig. 5Effect of β-sitosterol on RIG-I-induced apoptosis and inflammation.**a** Flow cytometry analysis of the effect of β-sitosterol on apoptotic A549 cells transfected with viral RNA (5′ppp-RNA) for 24 h. \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the vRNA transfection group (column 4). **b** Analysis of active caspase-3 and PARP cleavage in A549 cells transfected with vRNA at 24 h. **c** Luminex assay for TRAIL and sFas ligand levels in the supernatants of A549 cells transfected with vRNA. \**P* \< 0.05, \*\**P* \< 0.01 versus the vRNA transfection group (column 4). **d** Flow cytometry analysis of the effect of β-sitosterol on apoptotic A549 cells infected with IAV at 24 h. \**P* \< 0.05, \*\**P* \< 0.01 versus IAV control group. **e** Analysis of active caspase-3 and PARP cleavage in A549 cells infected with IAV at 24 h. **f** Luminex assay for TRAIL and sFas ligand levels in the supernatants of A549 cells infected with IAV at 24 h. \**P* \< 0.05 versus the IAV control group. **g** Flow cytometry analysis of the effect of RIG-I knockdown by specific siRNAs on IAV-induced apoptosis. **h** Luminex assay for TRAIL in the supernatants of A549 cells with RIG-I knockdown. \*\*\**P* \< 0.001 versus IAV control group (column 2). **i** Luminex assay for IFN-β and IFN-λ1 levels in the supernatants of A549 cells transfected with vRNA at 24 h. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the vRNA-transfected group (column 4). **j** A549 cells were transfected with vRNA in the presence or absence of the indicated concentration of β-sitosterol; 24 h later, the cells were lysed and analyzed by immunoblotting with the indicated antibodies. GAPDH was used as a control for equal loading. **k** The effect of β-sitosterol on the protein expression of cytokines and chemokines in the supernatants of vRNA-transfected cells. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the vRNA transfection group (column 4). **l** Luminex assay for proinflammatory mediators in the supernatants of A549 cells with knockdown of RIG-I or in combination with β-sitosterol treatment. \*\*\**P* \< 0.001 versus the IAV control group (column 2). ^\#^*P* \< 0.05, ^\#\#\#^*P* \< 0.001 versus the RIG-I \#1 siRNA transfection group (column 3). ^§^*P* \< 0.05, ^§§^*P* \< 0.01, ^§§§^*P* \< 0.001 versus the RIG-I \#2 SiRNA transfection group (column 7). **m** Luminex assay for cytokines and chemokines in the culture supernatants of IAV-infected A549 cells transfected with Flag-RIG-I overexpression plasmid with or without β-sitosterol treatment. ^\#\#^*P* \< 0.01 versus the IAV control group (column 2). \**P* \< 0.05, \*\*\**P* \< 0.001 versus the Flag-RIG-I overexpression plasmid transfection control group (column 3). **n** The effect of β-sitosterol on the expression of COX-2 in vRNA-transfected cells. The cells were transfected with vRNA in the presence or absence of the indicated concentration of β-sitosterol; 24 h later, the cells were lysed and analyzed by immunoblotting using a specific antibody to COX-2. **o** Quantification of PGE2 in the culture supernatants of vRNA-transfected cells in the presence or absence of the indicated concentrations of β-sitosterol at 24 h. \*\*\**P* \< 0.001 versus the vRNA-transfected group (column 4).

To further explore whether the signaling cascade underlying RIG-I-mediated apoptosis and IFN induction is affected by β-sitosterol, we performed immunoblot analysis 24 h after the intracellular delivery of vRNA. vRNA transfection resulted in substantial activation of NF-κB, MAPK, and JAK/STAT signaling (Fig. [5j](#Fig5){ref-type="fig"}) (lane 4). Notably, the dephosphorylation of the 5ʹ-triphosphate of RNA led to the inactivation of p65 NF-κB and p38 MAPK but not STAT1 (lane 5). Moreover, the vRNA-triggered activation of p65 NF-κB, p38 MAPK, and STAT1 was inhibited by β-sitosterol (lanes 6--8). The stimulation of RIG-I with vRNA initiated signaling events that ultimately led to the expression of proinflammatory cytokines. We detected increased expression of proinflammatory mediators after 24 h of vRNA stimulation, and observed that β-sitosterol treatment blocked this effect (Fig. [5k](#Fig5){ref-type="fig"}). Meanwhile, these proinflammatory mediators induced by IAV were effectively reduced by specific RIG-I siRNAs (Fig. [5l](#Fig5){ref-type="fig"}). The levels of IL-8, MCP-1, Rantes, and GM-CSF were further reduced by the combination of RIG-I siRNAs and β-sitosterol (Fig. [5l](#Fig5){ref-type="fig"}). Furthermore, the further increased levels of IL-6, TNF-α, and IP-10 in Flag-RIG-I overexpression plasmid-transfected cells with IAV infection is dose-dependently decreased by β-sitosterol treatment (Fig. [5m](#Fig5){ref-type="fig"}).

Interestingly, the viral RNA-induced upregulation of COX-2 expression was decreased following β-sitosterol treatment (Fig. [5n](#Fig5){ref-type="fig"}). To further confirm that β-sitosterol suppresses viral RNA-mediated COX-2 upregulation, we quantified the level of its downstream product PGE2 in the culture medium using ELISA. Our results showed that treatment with β-sitosterol dose-dependently suppressed the viral RNA-induced production of PGE2 (Fig. [5o](#Fig5){ref-type="fig"}). Collectively, these data suggest that β-sitosterol inhibits the activation of RIG-I signaling and downstream apoptosis in response to vRNA.

β-Sitosterol ameliorates IAV-induced lung pathology in mice linked to T-cell infiltration {#Sec22}
-----------------------------------------------------------------------------------------

Considering that β-sitosterol exhibited immunomodulatory properties in vitro, we next sought to investigate whether β-sitosterol has a protective effect in a mouse model of influenza. BALB/c mice were pretreated with β-sitosterol for 2 days prior to intranasal challenge with 5 LD~50~ of IAV. At 5 days p.i., histological analysis of lung sections showed that infection with IAV resulted in extensive inflammation characterized by massive leukocyte recruitment to the lung parenchyma (Fig. [6a](#Fig6){ref-type="fig"}, upper panel). Pre-treatment with 200 mg·kg^−1^·d^−1^ β-sitosterol decreased leukocyte infiltration, and as a result, relatively few inflammatory cells were observed surrounding the bronchioles (Fig. [6a](#Fig6){ref-type="fig"}, upper panel). We next performed immunohistochemical staining for CD3 (pan T lymphocytes) and observed that the infiltration of CD3^+^ T lymphocytes was more pronounced in the lungs of mice with IAV infection alone compared with those that received β-sitosterol treatment (Fig. [6a](#Fig6){ref-type="fig"}, lower panel). Consistent with the immunohistochemical results, a significantly greater percentage of CD3^+^CD8^+^ cytotoxic T lymphocytes (CTLs) was detected in BALF from IAV-infected mice compared with BALF from mice treated with β-sitosterol (Fig. [6b](#Fig6){ref-type="fig"}). Moreover, the quantification of granzyme B, a pro-apoptotic enzyme secreted by CTL, in lung homogenates revealed a significant increase in its expression in IAV-infected mice that was significantly reduced by β-sitosterol administration (Fig. [6c](#Fig6){ref-type="fig"}). Similar results were obtained for the levels of active caspase-3 measured by immunoblotting (Fig. [6c](#Fig6){ref-type="fig"}). Although influenza antigen-specific CD8^+^ T cells are recruited to the sites of infection and contribute to viral clearance, immune-mediated lung injury can be elicited by aberrant T-cell responses. Lung index and total protein levels in BALF can be used as an assessment of lung damage. Our results showed that compared with IAV infection alone, β-sitosterol treatment produced a significantly lower lung index and protein levels in BALF (Fig. [6d, e](#Fig6){ref-type="fig"}), suggesting that β-sitosterol treatment alleviated lung injury likely through the suppression of CD8^+^ T-cell recruitment. Last, IAV infection resulted in 100% (13/13) mortality by 12 days p.i. and rapid and continuous weight loss (Fig. [6f, g](#Fig6){ref-type="fig"}). Remarkably, the survival rate of mice that were treated with 50 and 200 mg/kg β-sitosterol was significantly increased to 61.5% (8/13) and 84.6% (11/13), respectively. Furthermore, β-sitosterol-treated mice exhibited less initial weight loss after viral challenge and a gradual recovery of body weight (Fig. [6g](#Fig6){ref-type="fig"}). Together, these data reveal that β-sitosterol attenuates IAV-induced lung injury and reduces mortality.Fig. 6β-Sitosterol prevents IAV-induced lung pathology in mice.Two days prior to infection with 5 LD~50~ of A/FM1/H1N1 virus, PBS or β-sitosterol (50 mg·kg^−1^·d^−1^ or 200 mg·kg^−1^·d^−1^) was intragastrically administered to mice for 7 consecutive days. **a** On day 5 p.i., the lungs were harvested and subsequently subjected to histological analysis by H&E staining (original magnification, ×100) or CD3 antigen (T-cell marker) staining (original magnification, ×200). **b** Representative flow cytometry quantification of CD3^+^CD8^+^ T cells in BALF on day 4 p.i. The histograms represent the percentage of CD3^+^CD8^+^ T cells in BALF (right panel). The data are representative of three independent experiments using 5--7 mice per group. \**P* \< 0.05, \*\**P* \< 0.01 versus the IAV-infected group. **c** On day 5 p.i., the lungs were removed and homogenized. Lung homogenates were subjected to immunoblot analysis of granzyme B and active caspase-3. The ratios of the relative band intensities of granzyme B and active caspase-3 normalized to GAPDH are shown (*n* = 3--5 mice per group) (right panel). \**P* \< 0.05, \*\*\**P* \< 0.001 versus the IAV-infected mice group. **d** The lung index (lung/body weight ratios) of mice treated with PBS (*n* = 6) or β-sitosterol (*n* = 6) on day 5 p.i. \**P* \< 0.05, \*\**P* \< 0.01 versus the IAV-infected group. **e** On day 7 p.i., the total protein concentrations in BALF was measured by BCA assay (*n* = 3--11 mice per group). \**P* \< 0.05, \*\**P* \< 0.01 versus the IAV-infected group. **f**, **g** Survival rate (**f**) and weight curves (**g**) of IAV-infected mice treated with or without β-sitosterol (*n* = 13 mice per group).

β-Sitosterol protects against IAV by abrogating the IAV-mediated activation of multiple signaling cascades {#Sec23}
----------------------------------------------------------------------------------------------------------

To investigate the mechanisms underlying the protective effect of β-sitosterol against IAV in vivo, we focused on inflammation-associated signal transduction in the lung. The phosphorylation levels of STAT1, STAT3, P38, and ERK1/2 in lung homogenates were significantly increased in mice challenged with IAV relative to uninfected mice (Figs. [7a](#Fig7){ref-type="fig"}), whereas the phosphorylation levels of these molecules were decreased in mice treated with β-sitosterol. To address whether β-sitosterol inhibits the signaling events mediating the IAV-induced expression of proinflammatory cytokines, we quantified cytokine and chemokine levels using luminex. The expression of cytokines and chemokines in BALF (IL-6, TNF-α, Rantes, KC, MCP-1 and MIP-1α) and lung homogenates (IL-6, TNF-α, IP-10, and Rantes) was reduced in mice treated with β-sitosterol (Fig. [7b, c](#Fig7){ref-type="fig"}). The IAV-induced elevation of serum cytokines including IFN-γ, IP-10, and Rantes, was blocked in β-sitosterol-treated mice (Fig. [7d](#Fig7){ref-type="fig"}). Given that β-sitosterol inhibited IAV-mediated STAT1/3 activation in vivo and decreased the expression of RIG-I and IFN in vitro (Fig. [3b, f](#Fig3){ref-type="fig"}), it was necessary to examine the impact of β-sitosterol treatment on the expression of RIG-I and IFNs in vivo. As expected, IAV-induced expression of RIG-I in lung homogenates was decreased by β-sitosterol treatment (Fig. [7e](#Fig7){ref-type="fig"}). Similarly, the expression of IFNs in BALF (IFN-α, IFN-β, and IFN-γ) (Fig. [7f](#Fig7){ref-type="fig"}) and lung homogenates (IFN-β) (Fig. [7g](#Fig7){ref-type="fig"}) was also decreased. Collectively, these data provide evidence regarding the mechanism by which β-sitosterol modulates dysregulated signaling cascades and proinflammatory responses linked to severe influenza.Fig. 7β-Sitosterol effectively abrogates IAV-triggered signaling in vivo.**a** Mice were infected with 5 LD~50~ of A/FM1/H1N1 virus and treated with PBS or β-sitosterol (intragastrically administered for 7 consecutive days beginning 2 days prior to viral infection). The lungs were harvested and homogenized on day 5 p.i. and the processed for immunoblotting with the indicated antibodies. The relative band intensities of the indicated proteins were normalized to that of GAPDH (*n* = 3--5 mice per group) (right panel). \**P* \< 0.05, \*\**P* \< 0.01 versus the IAV-infected group. **b**--**d** Detection of cytokine and chemokine production in BALF (**b**), lung homogenates (**c**), and serum (**d**) by Luminex analysis. \**P* \< 0.05, \*\**P* \< 0.01 versus IAV-infected group. **e** On day 5 p.i., lung homogenates were subjected to immunoblot analysis of RIG-I. The RIG-I band intensity normalized to that of GAPDH is shown (*n* = 4--6 mice per group) (right panel). \**P* \< 0.05 versus IAV-infected group. **f**, **g** Detection of IFNs (IFN-α, IFN-β, and IFN-γ) production in BALF (**f**) and lung homogenates (**g**) by Luminex analysis. \**P* \< 0.05, \*\**P* \< 0.01 versus the IAV-infected group.Fig. 8Schematic diagram showing the mechanism by which β-sitosterol attenuates IAV-induced proinflammatory responses and injury.Invading viruses are sensed by RIG-I, leading to the activation and that of RIG-I, NF-κB, and p38, which initiates the expression of proinflammatory mediators and IFNs. Secreted IFNs, including type I and III IFNs, bind to their receptors via an autocrine or paracrine mechanism and then exert their antiviral effects. Subsequently, previously uninfected IFN-sensitized neighboring cells become infected by progeny viruses, which triggers the amplification of the inflammatory response. The inhibition of RIG-I signaling by β-sitosterol attenuates RIG-I-linked proinflammatory IFN production, which results in a reduction in STAT1 activation and thus a decrease in the amplification of proinflammatory responses driven by ISG complexes in IFN-sensitized cells. Furthermore, the inhibition of RIG-I signaling by β-sitosterol also suppresses the recruitment of CD8^+^ T cells and granzyme B release in vivo, thereby blocking lung immune injury during influenza virus infection.

Discussion {#Sec24}
==========

Patients with influenza are frequently afflicted with severe pneumonia characterized by excessive infiltration of leukocytes and proinflammatory cytokine production \[[@CR58]--[@CR60]\], leading to a high risk of death. Recent studies have revealed that IAV-mediated IFNs play a disease-promoting role in the pathogenesis of influenza \[[@CR31]\]. Chinese herbal medicines, including *L. japonica* \[[@CR35]\], *C. morifolium* \[[@CR36]\], *T. mongolicum* \[[@CR37]\], *F. suspense* \[[@CR38]\], and *I. indigotica* \[[@CR39]\], have a long history of being used for the treatment of the common cold and for heat-clearing. In the current study, we demonstrated that β-sitosterol derived from these herbal medicines has the ability to block IAV-mediated IFN and proinflammatory mediator production through the inhibition of RIG-I signaling. Furthermore, our data showed that β-sitosterol attenuates the amplification of the IAV-mediated proinflammatory response in IFN-sensitized cells by disrupting RIG-I-mediated STAT1 activation. Furthermore, we showed that β-sitosterol abrogates the recruitment of cytotoxic T lymphocytes (CTLs) in the lung, thereby significantly improving lung injury and survival in mice challenged with IAV (Fig. [8](#Fig8){ref-type="fig"}).

RIG-I detects viral RNA (5′ppp-RNA) in the cytoplasm, which is then ubiquitinated by TRIM25 (tripartite motif-containing protein 25) and subsequently interacts with IPS-1 (IFN-β promotor stimulator 1) to initiate the activation of NF-κB, p38, and IRF3/7 \[[@CR61], [@CR62]\]. We asked whether RIG-I signaling is affected by β-sitosterol during IAV infection or in cells transfected with viral RNA. We found that RIG-I expression was increased following IAV infection or prestimulation with IFN-β prior to IAV infection, and that this increase in expression was significantly reduced in the presence of β-sitosterol. Furthermore, the activation of NF-κB and p38 in both IAV-infected and viral RNA-transfected cells was inhibited by β-sitosterol treatment. These results suggest that β-sitosterol treatment antagonizes the RIG-I signaling cascades.

The activation of RIG-I and its downstream targets NF-κB and p38 contributes to the induction of proinflammatory cytokines in response to influenza virus infection \[[@CR63]\]. In previous studies, the upregulation of RIG-I during fatal H5N1 infection was shown to cause an amplification of inflammatory responses \[[@CR18]\]. The hyperinduction of proinflammatory cytokines via RIG-I, NF-κB, and p38 signaling has been suggested to contribute to severity of symptoms in patients with H5N1 infection \[[@CR64], [@CR65]\]. We measured NF-κB activation using an NF-κB luciferase reporter system and found that β-sitosterol treatment downregulated the transcriptional activation of NF-κB following the administration of TNF-α and IAV infection. Consistent with these findings, the inhibitory effects of β-sitosterol on RIG-I signaling led to reduced production of cytokines, such as IL-6 and TNF-α, and chemokines such as IL-8 and IP-10 in IAV-infected and viral RNA-transfected cells. RIG-I or NF-κB and p38 activation in response to viral or bacterial infection, respectively, has been reported to induce COX-2 expression \[[@CR46], [@CR66]\]. Furthermore, it has been shown that decreased expression of COX-2 and its derivative PGE2 has beneficial effects during influenza virus infection that lead to reduced hypothermia and enhanced type I IFN antiviral immunity \[[@CR51]\]. We observed that IAV infection and viral RNA stimulation were associated with increased expression of COX-2 and PGE2 and that β-sitosterol treatment reversed the increase in a dose-dependent manner.

NF-κB, ATF2 (a downstream target of p38), and IRF3 form a transcriptional complex that drives the expression of the antiviral factor IFN-β \[[@CR10]\]. In addition, the viral-induced expression of type III IFN requires the involvement of RIG-I, IPS-1, TBK1, and p38 signaling \[[@CR67]--[@CR69]\], suggesting that the expression of type I and III IFNs is promoted via a common mechanism. Interestingly, some studies have indicated that NF-κB is crucial for IFN-β production when IRF3 activation is weak but not when IRF3 activation is strong \[[@CR70]\]. Although we did not detect significant activation of IRF3 at 24 h, we were able to detect an inhibitory effect of β-sitosterol on the expression of IFNs, including IFN-β and IFN-λ1, in cells infected with IAV or in those subjected to viral RNA transfection. These findings may be attributable to the inactivation of RIG-I, NF-κB, and p38 signaling. A clear link between RIG-I expression and STAT1 activation has been established by previous studies. Experiments involving RIG-I overexpression or knockdown have suggested that RIG-I is essential for STAT1 activation in leukemia cell lines \[[@CR54], [@CR71]\]. In accordance with these findings, our results show that the augmentation of STAT1 activation by RIG-I overexpression was suppressed by β-sitosterol or the inhibition of IAV-mediated ISRE transcriptional activity by specific RIG-I siRNAs. In addition, we observed that the activation of JAKs was not affected by β-sitosterol. Therefore, the inhibition of STAT1 phosphorylation in response to IFN-β treatment for 15 min or 24 h can be attributed to the downregulation of RIG-I by β-sitosterol. Moreover, the activation of RIG-I, but not of MDA-5, has been shown to involve double-stranded RNA (dsRNA)-induced STAT1 phosphorylation \[[@CR72]\]. Our data showed that β-sitosterol treatment abrogated STAT1 phosphorylation in cells stimulated with vRNA (5′ppp-RNA), which binds to and activates RIG-I. However, the dephosphorylation of viral RNA with CIAP did not reduce STAT1 phosphorylation. A possible explanation for these findings is that the dsRNA that is generated following viral RNA dephosphorylation is also a ligand for RIG-I and induces STAT1 phosphorylation in an IFN-dependent or IFN-independent manner, as described previously \[[@CR72]\].

The important role of IFNs in the defense against viral infection is widely recognized \[[@CR73], [@CR74]\]. However, IFN receptor deficiency does not lead to a detrimental outcome, which is perhaps due to decreased IFN-induced immune injury \[[@CR31], [@CR33], [@CR34]\]. Recent studies have clearly revealed the pathogenic potential of IFN-β- and IFN-λ1-mediated immunopathology in viral infectious diseases and autoimmune diseases \[[@CR31], [@CR33], [@CR34], [@CR75]\]. Here, we have proposed a model in which IFNs (including type I and III IFN) secreted from IAV-infected cells bind to their receptors and sensitize uninfected neighboring cells, leading to the amplification of proinflammatory responses driven by ISGF3 following infection by progeny viruses. β-Sitosterol treatment blocked the amplification of this proinflammatory response and the concomitant expression of proinflammatory cytokines through the inhibition of ISGF3 complexes. The inhibitory effect on ISGF3 complexes was due to the failure of downregulated RIG-I to exert a converse effect on STAT1 activation in β-sitosterol-treated cells (Fig. [8](#Fig8){ref-type="fig"}). The activation of RIG-I-mediated apoptosis via type I IFN-dependent and type I IFN-independent mechanisms has been considered a promising strategy for cancer therapeutics \[[@CR57], [@CR76]\]. The IFN-induced activation of ISGF3 leads to TRAIL expression, resulting in substantial alveolar epithelial cell (AEC) apoptosis and lung injury \[[@CR32], [@CR77]\]. AEC apoptosis has been found to play a critical role in the pathogenesis of H5N1 and pandemic H1N1 in patients with ARDS \[[@CR59], [@CR78]\]. Our data suggest that β-sitosterol prevents IAV-induced apoptosis associated with decreased IFN-driven expression of TRAIL.

The loss of RIG-I signaling has been correlated with a reduction in antigen presentation in bone marrow derived dendritic cells (BMDCs), and in the antiviral function of CD8^+^ cytotoxic T cells \[[@CR79]\]. Thus, it is clear that the RIG-I pathway is important for mediating the production of IFNs during antiviral responses. In contrast, the RIG-I-mediated expression of inflammatory mediators has been shown to induce the recruitment of monocyte-derived DCs (moDCs) to support viral replication \[[@CR80]\]. Antiviral effector CD8^+^ T cells and NK cells eliminate invading pathogens through several mechanisms, including the expression of pro-apoptotic proteins such as TRAIL and Fas and the secretion of granzyme B (Grb) and perforin. Through these mechanisms, the apoptotic caspase cascade is activated in virus-infected cells \[[@CR81]--[@CR83]\]. Studies have reported that IFN-γ plays an important role in modulating CD8^+^ T-cell recruitment and that the production of granzyme B during the recruitment of CD8^+^ T cells is dependent on the IFN-β-induced activation of STAT1 \[[@CR81], [@CR84], [@CR85]\]. Accordingly, our data show that β-sitosterol administration decreases the levels of IFN-γ and IFN-β and concomitantly induces a low level of CD8^+^ T-cell recruitment and granzyme B secretion in the lungs. Cytotoxic CD8^+^ T lymphocytes (CTLs) seem to be essential for viral clearance. However, severe pneumonia in patients with pandemic influenza A (H1N1) virus infection is apparently related to high levels of CD8^+^ T cells \[[@CR86]\]. Interestingly, one study showed that HA-transgenic mice develop lethal lung injury following treatment with influenza HA-specific CD8^+^ cytotoxic T cells \[[@CR87]\]. Deficiency of A20 (TNF alpha-induced protein 3, TNFAIP3), which is a negative feedback ubiquitin-editing protein that inhibits NF-κB signaling, protects mice against viral challenge by reducing the population of Grb^+^ CD8^+^ T cells \[[@CR88]\]. Consistent with these studies, our data showed that IAV-induced acute lung injury and mortality are attenuated in mice treated with β-sitosterol and that this attenuation is associated with decreased CD8^+^ T-cell recruitment and granzyme B secretion in the lung. Furthermore, we observed the inhibition of STAT1/3 and p38 phosphorylation by β-sitosterol in mouse lung tissue and made a similar observation in IAV-infected A549 cells. The expression of cytokines driven by STAT1/3 and p38, which exacerbate IAV-induced immunopathology, in BALF and lung tissue was decreased following β-sitosterol administration in BALF and lung tissue. In contrast to our in vitro results, the phosphorylation of ERK1/2 was attenuated in the lung tissues of β-sitosterol-treated mice. The inhibition of ERK1/2 signaling is involved in the retention of viral RNP in the nucleus, but its activation also correlates with cytokine expression \[[@CR89]\]. It is likely that the decrease in phosphorylated ERK1/2 expression in vivo was a result of the immunoregulatory effects of β-sitosterol.
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